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ABSTRACT
Surfactant-free emulsions, such as Pickering emulsions, have been gaining an increased interest.
They constitute green alternatives to the current industrial practices in emulsion technology find-
ing diverse technological uses. In this work, nano-hydroxyapatite (n-HAp) was tested as an oil-in-
water (O/W) Pickering stabilizer using a chemical system comprising sunflower oil at different O/W
ratios (10/90 to 60/40) and n-HAp at concentrations ranging from 0.5 to 15wt%. The produced
emulsions were characterized, and stability evaluated over a two-month period. Based on the
results achieved for the 20/80 series, a model to predict the emulsion stability taking into account
the O/W ratio, total solids content, droplet diameter, and n-HAp dimensions, was developed. Cryo-
SEM evidenced the attachment of n-HAp particles at the oil surface (oil core-n-HAp shell morph-
ology), corroborating their role as Pickering stabilizers. The experimental results, versus the pre-
dicted results were compared using a ternary phase diagram, which evidenced the formation of
three zones (unstable, stable and gel) depending on the used O/W ratio and n-HAp concentration.
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Emulsions are mixtures of two immiscible liquids, oil and
water, traditionally stabilized by one or more synthetic
emulsifiers. However, some of these emulsifiers have been
associated with allergic reactions and carcinogenicity, lead-
ing to health problems.[1] In this context, Pickering emul-
sions, which are based in nontoxic solid particles, have
started to appear as alternatives.[2] In Pickering emulsions,
solid particles get attached at the interface between the two
immiscible liquids, stabilizing the emulsified droplets against
coalescence.[3]
The first mention to Pickering emulsions dates from the
1900s,[4,5] and since then an increased interest has been
observed, both at academic and industrial level, due to the
nontoxic nature of the particles and the possibility to add
functional properties.[2,6] Pickering emulsions have found
applications in areas such as pharmaceutical, agrochemical,
and food, among others.[2,7,8] This process allows the forma-
tion of a protective shell around the oil or aqueous core,
enabling their use as encapsulation systems for drug and
bioactive compounds.[2,6,9]
In Pickering emulsions, the type of formed emulsions
depends on the particle’s hydrophobicity. More specifically,
predominantly hydrophilic particles, with water contact
angles between 60 and 80, are adequate to stabilize oil-in-
water (O/W) emulsions, whereas predominantly hydropho-
bic particles (contact angle between 100 and 130) are
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suitable to stabilize water-in-oil (W/O) emulsions.[3]
However, some works also reported that the type of formed
emulsions, and associated stability, depends on other param-
eters, such as the oil-water ratio and solids content.[10] The
assortment of studied Pickering stabilizers comprises organic
and inorganic solid particles, such as modified silica,[11] pro-
tein and polysaccharide-based particles,[12,13] and
fat crystals.[14]
Hydroxyapatite (Ca10(PO4)6(OH)2) is widely used in the
biomedical and biotechnological fields, due to its excellent
biocompatibility, since it is the main component of both
human bones and teeth.[15] Recently, this material started
to be described as a suitable Pickering stabilizer, which due
to its hydrophilicity tends to stabilize O/W emulsions.[10,15]
In this scope, some authors have developed Pickering
emulsions stabilized by HAp particles, in most cases com-
bined with other polymers. Fujii, et al.,[16] Zhang, et al.[10]
and Okada, et al.[17] produced microspheres via Pickering
emulsion by using n-HAp dispersed in the aqueous phase
and poly-e-caprolactone (PCL), poly-L-lactic acid (PLLA)
and polystyrene dissolved in the oil phase. Zhang, et al.[15]
and Hu, et al.[6] evaluated the effect of HAp surface modi-
fication with stearic acid and sodium oleate, respectively,
aiming at improving Pickering emulsions stability.
Samanta, et al.[18] and Hu, et al.[19] prepared nanocompo-
site scaffolds using Pickering emulsions as templates. In
these two works, HAp was functionalized with PCL and
PLLA in order to ensure emulsion stability during the scaf-
folds development.
To stabilize a Pickering emulsion, the solid particles
should be irreversibly anchored at the oil or water surface to
form a steric barrier.[20] In this regard, some authors
explained the Pickering emulsion stabilization mechanism
through theoretical approaches and thermodynamic calcula-
tions based on the nature of the interactions between the
liquids and the solid surface. For that Young equation was
applied using surface energy considerations in order to
interpret the interactions between the solid particles and the
two liquid phases, and, consequently, to predict the con-
tact angles.[21–24]
Formation and stability of Pickering emulsions depends
on various factors such as particle wettability, particle con-
centration, particle size and shape, coverage density and pH
of the aqueous phase.[25] Previous studies have shown that
there is a correlation between droplet size and particle con-
centration, and, consequently, with emulsion stability,[7,26]
and a model to predict particle’s concentration at the core
surface was developed. This model is based on the simple
mass-balance, based on the argument that particles show
similar behavior to surfactants when electrostatic repulsion
is suppressed[25,27] and considering that Pickering emulsions
undergo “limited coalescence” during emulsification.[27–29]
Thus, the interfacial area, created during emulsification,
should be larger than the area that can be covered by the
particles, so that when stirring stops, in order to reduce the
interfacial area, the droplets coalesce until the oil/water
interface is adequately covered by the particles.[7,27,28,30]
When this phenomenon occurs, the emulsion has a
unimodal droplet size distribution that is directly related to






where D is the final drop diameter, mp is the mass of par-
ticles, C is the surface coverage (the fraction of the inter-
facial area covered by the particles), qp is the particle
density, Vd is the volume of dispersed phase, ap is the par-
ticle area projected on the interface and vp is the particle
volume. However, this equation can be applied only if: (i)
the particles are completely and irreversibly attached at the
surface; (ii) the emulsification process produce more oil/
water interface than what the particles can cover; (iii) the
emulsion is produced with intermediate particle concentra-
tion; and (iv) electrostatic repulsion is suppressed.[7,25,28]
At low solid particles concentration, instability is often
observed due to a lack of particles to stabilize the droplets.[7]
At high solid particles concentration, there is an excessive
number of particles compared to the oil/water interfacial
area created during the emulsification process. In this case,
the stabilization can occur in different ways: (i) the droplets
formed during the emulsification process are stabilized right
away inducing size heterogeneity, or (ii) constant droplet
sizes are obtained but particles are in excess in the continu-
ous phase leading to a network in the continuous phase that
can improve the emulsion stability.[7,31] Arditty, et al.[28]
have shown that when a low SiO2 solid particle concentra-
tion is used, the emulsion droplet surface is not covered
completely and droplet coalescence occurred, destabilizing
the emulsion system. Aveyard, et al.[32] found that with an
increase of the SiO2 particle concentration, up to 3%, the
droplet size of the emulsion decreases; however, further
increase in particle concentration does not change the drop-
let diameter, and the particles in excess stay dispersed in the
continuous phase. Recently, Liu and Tang[20] also deter-
mined the percentage of soy glycinin particle’s surface cover-
age and particle centre-to-centre distance. The extent of
surface coverage was obtained directly from the ratio
between the potential coverage area of the soy glycinin par-
ticles, and the total interfacial area of the emulsion droplets.
Additionally, and in order to describe the packing of the
particles at the interface, the distance between them was
estimated using two models (square and regular hexagonal
array models).
The aim of this work was to develop stable oil/water
Pickering emulsions using n-HAp particles as stabilizers.
The impact of process parameters, such as oil-water ratio,
solids (n-HAp) content, on emulsion stability through the
evaluation of phase separation by creaming or sedimentation
occurrence, were studied. Pickering emulsions were charac-
terized in terms of particle’s size and shape by laser diffrac-
tion techniques and microscopy and studied concerning
their rheological behavior. The emulsion stability as function
of the oil-water ratio and n-HAp concentration was eval-
uated after 2 days, 2 weeks, and 2months. In order to predict
the formation and stability of n-HAp Pickering emulsions a
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model was developed and compared with the experimen-
tal results.
The work reports experimental data on emulsions prepar-
ation and characterization covering a wide range of condi-
tions and introduces a model to explain the observed
stability behavior. To the best of our knowledge this is the
first work reporting a model where n-HAp was used as
Pickering stabilizers and that emulsion stability can be pre-
dicted with a model that takes into account the oil-water
ratio, total solids content, droplet diameter, and n-HAp
dimensions. Thus, this work is a step forward in the field of
synthetic surfactants substitution contributing for the sus-
tainable development of emulsions, which might find use in
a wide range of applications, namely, to act as vehicles to
support the delivering of functionalities.
2. Experimental methods
2.1. Standards and reagents
NanoXIM-CarePaste used in this work was supplied by
Fluidinova S.A. (www.fluidinova.com).[33] According to the
technical information provided by Fluidinova, NanoXIM-
CarePaste is composed by 15.5 ± 0.5 wt% of n-HAp particles
with typical size below 50 nm in a rod-like shape, and
4.5 ± 0.5 wt% KCl. The water content is  81.0 (wt%). This
n-HAp paste was chosen due to its readily commercial avail-
ability. The presence of KCl in the nanoXIM-CarePaste is a
result of its synthesis process, and in this work this paste
was used as such.
Distilled water, treated in a Milli-Q water purification
system (TGI Pure Water Systems, Greenville, SC, USA), was
used as the aqueous phase. Sunflower oil was purchased
from a local supermarket and used as the oil phase. It is a
food grade vegetable oil obtained from sunflower seeds and
mainly constituted by polyunsaturated fatty acids.
2.2. Preparation of the pickering emulsions
Emulsions preparation comprised two steps, namely the
preparation of the n-HAp dispersions, followed by oil add-
ition to form the final Pickering emulsion. The experimental
set-up is similar to the one developed by Ruphuy, et al.[34]
(Figure 1). In the first step, the n-HAp aqueous paste was
dispersed in water at different concentrations using a rotor-
stator homogenizer (Miccra RT D-9, M€ulheim, Germany) to
ensure nanoparticles dispersion. Briefly, the n-HAp paste
was injected into the reaction vessel (C) containing the
water, through a feeding channel (D) using a peristaltic
pump at 240 pm (43mL/min, E). The roto-stator homogen-
izer device (B) was set-up to operate at 39,000 rpm during
4min. Additionally, a thermostatic bath (A) was coupled to
the system to ensure temperature control of the reaction
vessel (20 C).
In the second step, the sunflower oil was fed drop-wise
into the previously prepared n-HAp aqueous dispersion
using a peristaltic pump (E) operating at 240 rpm. The
emulsification step was carried out using a rotor-stator hom-
ogenizer (B); after the oil addition, the system was kept
under stirring, set to operate at 11,000 rpm during 4min
and constant temperature (20 C).
Various n-HAp concentrations (water-basis, wt%) and
oil-water ratios (defined as the ratio between the oil and the
water phases, v/v) were tested. The concentration of n-HAp
ranged from 0.5wt% to 15wt% (water phase-basis), with
15wt% corresponding to the original paste, and the lower
concentrations were obtained by dilution. The oil-water
ratio ranged from 10/90 to 60/40 (v/v). Table 1 summarizes
the tested formulations. The experimental assays were based
on a 400ml total volume scale of the aqueous phase. All
emulsions were prepared in duplicate.
2.3. Characterization of the pickering emulsions
The produced emulsions were classified as O/W or W/O
type by using the conventional emulsion drop test.[15] This
test evaluates the emulsion behavior upon in contact with
the two used phases (oil and water). If the Pickering emul-
sion drop is rapidly dispersed in water and remains agglom-
erated in the oil phase, it is O/W type; otherwise, it is a W/
O emulsion. To perform this test, 2–3 emulsion drops were
added to the water and oil phases followed by gentle stirring
before visual inspection.
Figure 1. Experimental setup used to prepare n-HAp dispersions and Pickering emulsions. A) thermostatic bath, B) rotor-stator homogenizer, C) mixing reactor, D)
feeding channel, E) peristaltic pump, and F) Beaker with n-HAp paste or oil.
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The stability of the produced Pickering emulsions was
checked immediately after preparation (0 days) and moni-
tored along the storage time (a total time-frame of two
months was used with sampling at 2 days, 2 weeks, and
2months). Instability occurrence (creaming or sedimenta-
tion) was visually checked and photographically registered
the evolution with a Nikon digital camera (Nikon D3400,
Tokyo, Japan). In parallel, emulsion’s morphology was
checked by optical microscopy (OM) using a Carl Zeiss
Axiotech 100HD microscope (Zeiss Instruments, Jena,
Germany) equipped with a digital camera (AxioCam 105
color; Zeiss Instruments, Jena, Germany). To perform these
analyses, a sample aliquot was placed on a microscope slide,
then gently covered with a coverslip. Image acquisition and
processing were performed using Zen software (2.3; blue
edition). Both transmitted and reflected light modes were
used. Complementary, size distributions were determined
from fresh Pickering emulsions using laser diffraction
through coulter (LS230 Series instruments, Brea, California)
and the corresponding average size (in volume)
was calculated.
Cryo-SEM (Cryo- Scanning Electron Microscopy) was
used to inspect the morphology of the produced Pickering
emulsions. The analyses were carried out in a high-reso-
lution scanning electron microscope (JEOL JSM 6301 F,
Washington, USA), with X-ray microanalysis (Oxford INCA
Energy 350, Wiesbaden, Germany), and CryoSEM experi-
mental facilities (Gatan Alto 2500, M€unchen, Germany).
The sample was rapidly cooled by plunging it into sub-
cooled nitrogen and then transferred under vacuum to the
cold stage of the preparation chamber. Thereafter, the sam-
ple was fractured, sublimated (180 seconds at 90 C), and
coated with Au/Pd (45 seconds under 12mA current).
Finally, the sample was transferred into the SEM chamber
and observed at 150 C. This characterization was intended
to check the successful formation of the emulsion droplets
and their coverage with the n-HAp Pickering particles. This
analysis was performed with the sample prepared with an
O/W ratio of 20/80 and 5wt% n-HAp.
Rheological studies were carried out to understand the
impact of the n-HAp concentration and the oil volume frac-
tion on the viscous and viscoelastic behavior of the pro-
duced emulsions. The tests were done using an Anton Paar
rheometer (Anton Paar, GmbH, Austria) with a parallel
plate. All measurements were made with a fixed gap of
0.5mm and at 20 C. The viscosity measurements of the
Pickering samples were determined as a function of the
shear rate in a range from 500 to 4500 1/s. The frequency
sweep was oscillated from 0.3 to 100 rad/s, and all measure-
ments were performed within the determined linear
viscoelastic region (LVE) and made at 0.1% strain. Data is
reported as elastic or storage modulus (G0) or loss modulus
(G00) as a function of frequency.
3. Results and discussion
3.1. Morphology of the formed pickering emulsions
All the produced emulsions were of O/W type, as checked
by the drop test (i.e., all the emulsions droplets dispersed in
water medium). Moreover, Figure 2 shows Cryo-SEM
images obtained for a fractured cross-section of the frozen
Pickering emulsion using an oil-water ratio of 20/80 and
5wt% of n-HAp. Cryo-SEM is one of the few techniques
available to visualize the interfacial structure of emulsions
stabilized by solid particles.[35] During sample preparation,
namely during the sublimation step, the water phase is
evaporated while the oil phase remains. Figure 2A, B show
frozen Pickering droplets at 1000 and 3000 magnifica-
tion, respectively. Some non-spherical shape and incomplete
Pickering droplets were observed, which can be explained by
the freezing and fracturing of the sample, which in some
cases, also implies the fracturing of the n-HAp layer, result-
ing in the exposure of the oil core. Additionally, the con-
tinuous phase is characterized by the presence of striations,
which can be related with the excess of n-HAp remaining
free in the continuous phase or due to slow freezing, which
may lead to the formation of salt crystals since the n-HAp
paste has KCl. Previously, Binks and Kirkland[35] docu-
mented the presence of striations in cryo-SEM images of the
Pickering emulsions and related their presence with the use
of excessive solid particles. Griffith and Daigle[36] also
showed the presence of the striations (referred as a bridged
network) on the continuous phase of the Pickering emulsion
and related it as excessive solid particles. They also con-
cluded that these solid particles were responsible for inhibit-
ing long term emulsion creaming and coalescence. Figure
2C details a single Pickering droplet and the respective EDS
(Energy Dispersive X-Ray Spectroscopy) analysis acquired in
two different points – outside (spectrum 1) and inside (spec-
trum 2) of the droplet. From the droplet observation, it is
possible to view a white layer around the oil droplet, evi-
dencing that the n-HAp particles were attached to the oil
droplet surface. In agreement with paste composition, spec-
trum 1 shows the presence of n-HAp and KCl salt in the
layer structure through the presence of oxygen (O), phos-
phorus (P), calcium (Ca), potassium (K) and chloride (Cl).
Spectrum 2, taken inside the droplet, indicates the presence
of oil through at the existence of just carbon (C), and oxy-
gen (O) the major elements in the oil (triacylglycerol). Thus,
this analysis confirmed that the particles had an oil core
covered by a n-HAp shell (shell-like morphology). The pres-
ence of the Au and Pd elements result from the used coating
process. An estimate of the n-HAp shell thickness was
obtained through the measurement of the white border of a
Pickering droplet resulting on an average value of 200 nm.
This value indicates a thickness higher than one individual
n-HAp (4-fold the dimensions of a n-HAp particle, which is
Table 1. Pickering emulsions: n-HAp concentrations and oil-water ratio.
Type of HAp paste
Oil-water
ratio (v/v) n-HAp concentration (wt%)
nanoXIM-CarePaste 10/90 1.5, 5.0, 10
20/80 0.5, 1.5, 2.0, 2.5, 3.0, 5.0, 7.0, 10, 15
40/60 1.5, 5.0, 10
60/40 1.5, 5.0, 10
Not used due to preparation difficulties.
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around 50 nm), meaning that deposition of multiple n-HAp
layers has occurred.
3.2. Analysis of phase separation
Phase separation is a catastrophic phenomenon for any
emulsified product, compromising its shelf-life. Thus, stabil-
ity under storage conditions is a key parameter to study
since it determines, to some extent, if the product is suitable
for a given application.[37]
3.2.1. Effect of n-HAp concentration
To evaluate the effect of n-HAp concentration in the stabil-
ity of Pickering emulsions, the oil-water ratio was fixed at
20/80 (v/v) with n-HAp concentration varying between 0.5
to 15wt% (0.5, 1.5, 2.0, 2.5, 3.0, 5.0, 7.0, 10, and 15wt%).
The stability of the prepared Pickering emulsions was moni-
tored along a two-month period under storage at room tem-
perature and natural light exposure. Production of
emulsions in the absence of n-HAp particles (control
emulsions) was also performed in the testing of the mixing
system, leading to the expected phase separation within a
short timeframe (data not shown).
Figure 3 shows the optical microscopy images of the
Pickering emulsions produced with different n-HAp concen-
trations as a function of storage time. All images were
obtained with a magnification of 20. Right after the emul-
sification step (0 days), all the produced Pickering emulsions
presented a morphology characterized by spherical shape
and individualized droplets with a size ranging from 10 to
25 mm (values corroborated by laser diffraction from the
average size in volume). Moreover, the data obtained by
laser diffraction (Table 2) puts in evidence the decrease
trend of the mean droplet size as the n-HAp content
increases. However, at low n-HAp concentration (1.5 wt%),
the emulsions become unstable after a short period of time,
as can be observed in the OM image acquired after 2 days
(Figure 3 – 1.5 wt% n-HAp), where larger and irregular
shaped droplets can be observed, pointing out to the occur-
rence of coalescence. For this n-HAp concentration, this
phenomenon increased along storage time, becoming highly
Figure 2. Cryo-SEM micrographs for fractured cross-section of a Pickering emulsion using a 20/80 oil-water ratio and 5wt% of n-HApCare (with KCl): A) 1000, B)
3000 and C) 8000. The two EDS spectra correspond to the identified points in image C (spectrum 1 and spectrum 2). All micrographs were obtained with 15 Kv.
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noticeable after the two-month period, together with n-HAp
particles agglomeration which is visually associated with the
presence of darker regions in the microscopy images. On
the other hand, stable Pickering emulsions were obtained
for higher n-HAp concentrations. For example, when 5wt%
was used, individual and spherical droplets were observed
along the examined storage time, i.e., particles retained their
initial size and shape. In these cases, the absence of coales-
cence was noticed, meaning that higher n-HAp concentra-
tions, in this study up to 10wt%, favored Pickering
emulsion stability. Gel-like Pickering emulsions were
achieved when n-HAp was used at 15wt% concentration.
The stability of the Pickering emulsions can also be verified
through the evaluation of the data in Table 2, where it is
possible to observe the maintenance of the mean droplet
size for the stable Pickering emulsions along the timeframe
of storage.
Macroscopically, initially all the prepared Pickering emul-
sions were homogenous, i.e., no phase separation was
observed. However, after two days, phase separation started
to be observed for emulsions prepared with 1.5 wt% of n-
HAp, and after 2weeks for the ones prepared with 2.5 wt%.
In these cases, a layer at the top of the emulsion (creaming)
was observed.
The presence of KCl in the used n-HAp, which is
associated with its synthesis process, might also help to pro-
mote emulsion stabilization, as previously reported.[38,39]
Nevertheless, the concentration of the used solid particles was
also reported to significantly affect Pickering emulsions stabil-
ity, as well as the obtained droplet size, as was also verified in
the present work. For example, Zhang, et al.[10] showed that
the n-HAp concentration had a fundamental role in their sta-
bilization since stable emulsions were only achieved when
high concentrations were used. The same behavior was veri-
fied with studies using other solid particles such as soy glyci-
nin, starch nanocrystals and hemp powder.[20,40,41] Moreover,
the droplet size of Pickering emulsions decreased with the
increase of particle’s concentration with a consequent
improvement of the emulsion stability.[20,40,41]
3.2.2. Effect of oil-water ratio
The effect of the oil-water ratio on the Pickering emulsion
stability was evaluated by studying oil-water ratios of 10/90,
Figure 3. OM images, acquired in transmitted light mode, of Pickering emulsions stabilized with different n-HAp concentrations and fixed oil-water ratio (20/80, v/
v). All images were registered at 20 magnification. The circle on the 2-month 1.5 wt% image shows regions of n-HAp agglomeration.
TABLE 2. Effect of n-HAp concentration and oil-water ratio in the mean drop-
let size right after preparation and at the end of the study period (2months).
Mean Droplet Size (mm)
n-HAp concentration 0 days 2 months
Fixed oil-water ratio
20:80
1.5 wt% 20.5 –
2.5 wt% 19.4 –










– Not evaluated since the emulsion become instable (phase separation).
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20/80, 40/60 and 60/40 at a fixed n-HAp concentration
of 5wt%.
Figure 4 shows the obtained OM images along the two-
month period evaluation. For the whole range of tested oil-
water ratios, well-defined droplets right after emulsification
(0 days) were observed. Comparing different oil-water ratios,
and as expected, it is possible to observe that higher values
lead to a higher number of droplets. Namely, in the 60/40
ratio images, dense emulsions with tightly packed droplets
are perceived. This effect was also observed by Yang,
et al.[40] for Pickering emulsions with other solid particles
(starch nanocrystals). Concerning the size of the droplets, a
range between 13 and 23 mm was observed (corroborating
by laser diffraction from the average size in volume).
Through the analysis of mean droplet size obtained by laser
diffraction (Table 2), it is possible to corroborate that the
increase of the oil-water ratio leads to an increase in mean
droplet size. Moreover, for the stable Pickering emulsions,
the mean droplet size was observed to remain unaltered
along the 2-months period study.
Regarding emulsion stability, Zhang, et al.,[10] who pro-
duced Pickering emulsions with HAp particles and PLLA,
and dichloromethane as the oil phase, reported that
emulsion stability increased with the decrease of oil-water
ratio, however, the emulsions did not exceed a stability of
6 days. The authors justified this fact with the hydrophilicity
of HAp since it is easier to prepare stable O/W (from 10 to
60 oil volume fraction) instead of W/O emulsions (from 70
to 90 oil volume fraction). In this work, all emulsions (from
10 to 60 oil volume fraction) were stable for up to one-
month. However, the emulsions prepared using 10/90 oil-
water ratio showed signs of destabilization after two months.
This could be observed by visual inspection (creaming
appearance) and also by the appearance of n-HAp agglomer-
ates and oil segregation, as identified in the OM images of
Figure 4 through the presence of darker regions and large
oil droplets, respectively.
Although the emulsion prepared with a 20/80 as well as
60/40 oil-water ratios showed some coalescence, in particu-
lar of small droplets, this occurrence was not enough to
destabilize the emulsion. Samples were also analyzed
through OM in reflected light mode. Figure 5 compares two
different Pickering emulsions, namely the ones with 10/90
and 20/80 oil-water ratios, at times 0 days and 2months. A
white layer around the droplets can be observed, evidencing
the presence of n-HAp at the oil droplet surface. At 0 days,
Figure 4. OM images, acquired in transmitted light mode, of Pickering emulsions produced with different oil-water ratios at a fixed n-HAp concentration (5 wt%).
All images were registered at 20 magnification. The arrows indicate large oil droplets and the circles indicate dark regions associated with n-HAp agglomeration.
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images for both emulsions are similar, but after 2months
the emulsion using 10/90 ratio presents signs of instability
and evidence of n-HAp agglomeration. The emulsion pre-
pared with a 20/80 ratio, even after 2months, retains drop-
let’s shape and n-HAp remains at the oil surface.
3.3. Pickering emulsion stability prediction
3.3.1. Model development
The objective here is to develop a model to estimate the
concentration of n-HAp required to produce a Pickering
emulsion given the oil/water ratio, and also to predict the
stability of these emulsions given the suspension concentra-
tion and the solid particles diameter. This model takes into
account factors such as oil-water ratio, total solids concen-
tration, droplet diameter and solid particles dimensions.
Considering the schematic representation of a Pickering
emulsion shown in Figure 6, this model considers that:
 the emulsion is composed of an aqueous suspension of
free solid particles, and an oleic phase of oil droplets sur-
rounded by one or more layers of solid particles
(Figure 6A);
 one oil droplet surrounded by one or more layers of
solid particles is called a Pickering droplet (Figure 6B);
 free n-HAp particles and Pickering particles are in con-
stant interaction through collisions creating a state of
equilibrium;
 the oil droplets diameter, do, is much larger than the
solid particle characteristic dimension, namely ds, which
is the typical length of n-HAp rod-like particles (at least
3 orders of magnitude);
 the volume occupied by the solid layer(s) in a Pickering
particle is negligible compared with the volume of the
oil droplet;
 the solid particles (n-HAp) are rod like structures
(Figure 6C), approximated by a cylinder with height, ds,
as the characteristic dimension, and a shape factor
of 5:1.[42]
The model considers that the stability of a Pickering
emulsion depends on the degree of mobility of the solid par-
ticles, that is, on the ratio lws /ds, where l
w
s is the mean dis-







where ms is the mass of one solid particle and Cws is the
concentration of solid particles in suspension (aque-
ous phase).
The mass of a single n-HAp particle is given by ms ¼
qsvs, where qs is the solid density (3160Kg/m
3), and vs is
the volume of a solid particle. Assuming a cylindrical shape





ds ¼ p100 ds
3 (3)
Figure 5. OM images, acquired in reflected light mode, of Pickering emulsions produced with different oil-water ratios and n-HAp concentration of 5wt%.
Magnification of 20. Circumference indicates white region associated with n-HAp agglomeration (observed as dark regions in the transmitted light mode).
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The concentration of solid particles in the Pickering drop-





where Nas is the minimum number of solid particles
required to form a layers around the oil droplets and Vw is
the total volume of water. Since the solid particles are
assumed to be much smaller than the oil droplets
Nas ¼ ansNo (5)
where No ¼ 6Vo=pdo3 is the number of oil droplets, a the
number of layers and Vo the total oil volume. The number
of solid particles necessary to form a single layer is given by
ns ¼ ao=as, where ao ¼ pdo2 is the surface area of an oil
droplet with diameter do, and as is the area covered by a
one solid particle. For a n-HAp particle and taking into
account that each particle can take a random orientation at
the oil surface, as can be estimated assuming that a single
solid particle covers a projected area equivalent to a square
with side equal to ds (Figure 6C), and thus as ¼ ds2:















where Xo and is the volume fraction of oil in the emulsion.
In this relationship all values are known, except do the
diameter of the oil droplet and a the number of layers.
Finally, the concentration of solid particles in suspension
(aqueous phase) can be obtained by
Cws ¼ Cins  Cas (7)
where Cins is the initial formulation concentration of
solid particles.
Figure 7. Comparison between different Pickering emulsions: A) unstable, B)
and B1) stable and C) and C1) gel stabilized with different n-HAp concentrations
(1.5, 5.0 and 15wt%, respectively) and fixed oil-water ratio (20/80, v/v).
Figure 6. Schematic representation of a Pickering emulsion: A) Pickering emulsion with oil droplets surrounded by n-HAp, and aqueous phase composed with n-
HAp suspended, B) Pickering droplet and C) represents the n-HAp structure as well as their dimensions.
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The model was applied to the O/W ratio of 20/80 (see
Table 1) experimental data (2 days storage period) and the
following limits were obtained
lws =ds > 1:7 unstable
1  lws =ds  1:7 stable
lws =ds < 1 gel formation
8<
: (8)
In these calculations do ¼ 18 lm was taken as the aver-
age droplet diameter obtained through laser diffraction ana-
lysis. The parameter number of layers was assumed as
constant, a ¼ 4, in agreement with an estimated shell thick-
ness of 200 nm, as reported in Section 3.2.
The three types of formed emulsions (unstable, stable,
and gel) are shown in Figure 7. The gel region should be
understood as a stable region, but due to its high viscosity it
may find constraints for some applications. Nevertheless,
this type of formulations can find diverse uses, and thus the
identification of the range of compositions at which it
occurs is of interest.
3.3.2. Model validation
Ternary diagrams are convenient tools to represent three-
component systems, as it is the case of emulsions (oil, water,
and stabilizer). They have been used to represent systems
besides thermodynamic equilibrium data, including emul-
sions,[43] and more recently Pickering emulsions.[44]
The three stability regions – unstable, stable, gel - are
identified in the ternary diagram of Figure 8A, where it is
clear that the model is in good agreement with the data for
other O/W ratios. A single exception was observed for Xo ¼
0:6 with the formation of a gel where a stable emulsion
should have been formed. However, this result is in accord-
ing to the results obtained by Xiao, et al.[45] and Zhu,
et al.,[46] where the emulsion with higher oil ratio has a
higher apparent viscosity compared with other ones with
lower ratios. Furthermore, others previous works showed
also a similar behavior of the viscosity increase with oil ratio
increased.[47,48]
Figure 8B, C show the stability evolution of the Pickering
emulsions after two weeks and two months, respectively.
After the two-week period the stability of the emulsions was
not changed, except for the emulsion with 20/80 oil-water
ratio and 2wt% n-HAp concentration. After two months,
the stability of the 20/80, 40/60 and 60/40 oil-water ratio
emulsions was unchanged, with the exception of the one
prepared with an oil-water ratio of 10/90 and an n-HAp
content of 5%, which became unstable. For low oil content,
the observed phase separation may be mostly due to the
density difference between the two phases (oil and water)
combined with a lower droplet concentration. The use of
high oil-water ratios increases the droplets concentration,
that become more tightly together delaying phase separation
by preventing their movement. In case of low oil-water
ratios, n-HAp content increase can also promote stabiliza-
tion, i.e., n-HAp particles not participating in the stabiliza-
tion (they might be in excess) can act as an external
thickener. This might be the case of the 10/90 formulation
using 10% n-HAp.
3.4. Pickering emulsion rheology study
The rheological properties of Pickering emulsions can be
related with their performance and storage stability. The
effect of the n-HAp concentration was studied, maintaining
the oil-water ratio as 20/80 (v/v), in terms of the viscosity
and elastic (G0) and loss (G00) modulus through steady-state
flow and dynamic oscillatory measurements, respectively.
The obtained results are presented in Figure 9. Figure 9A
shows the viscosity of the Pickering emulsions stabilized
with different n-HAp concentrations. It can be perceived
that the Pickering emulsions have a n-HAp concentration
dependent behavior since the viscosity increases as the n-
HAp concentration increases. Similar results were obtained
by Xiao, et al.[45] that also observed an increase of the
Pickering emulsion viscosity as the concentration of kafirin
particles increased.
Figure 8. History of experimental point (2 days - 2 moths). Ternary diagram of O/W Pickering emulsions with n-HAp and experimental points. Assumption:
lws =ds > 1:7 – unstable, l
w
s =ds < 1 – gel formation and 1  lws =ds  1:7 – stable.
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The formation of the gel-like structures in Pickering emul-
sions was evaluated through oscillatory measurements. Figure
9B shows G0 and G00 as a function of frequency. For all meas-
urements, it is observed that both moduli were nearly inde-
pendent of the frequency (for range 0.3–100 rad/s), but G0 is
always higher than G00 (in magnitude) over the tested fre-
quency range. This result indicates that the rheological behav-
ior of the Pickering emulsions was predominantly, which is
compatible with the development of gel-like networks. The
development of the gel-like networks on Pickering emulsions
is influenced by the n-HAp concentration. This behavior was
previously reported in studies dealing with other Pickering
stabilizers such as kafirin[45] and cellulose.[49]
In general, the increase of the n-HAp concentration pro-
motes the interactions between the free-particles leading to
the formation of a structural network, avoiding phase separ-
ation. The results were reproducible for the other tested oil-
water ratios (data not shown). These findings show that the
stability of the Pickering emulsions can be improved by
increasing the n-HAp concentration, or oil volume fraction,
which is in agreement with the model predictions.
4. Conclusions
Hydroxyapatite is a biomaterial that has been used in differ-
ent fields. Recently it has been applied in Pickering emul-
sions production, mostly following a strategy of combining
it with polymers such as poly-e-caprolactone and poly-L-lac-
tic acid.[10,15] In this study, a commercial n-HAp paste
(NanoXIM-CarePaste) was used in the preparation of the
Pickering emulsions. Emulsion stability was studied as a
function of processing parameters, such as oil-water ratio,
and n-HAp content. According to the drop test, independ-
ently of the used oil-water ratio or n-HAp content, all the
produced Pickering emulsions were of O/W type. The
microscopy evaluation by optical and cryo-SEM confirmed
the formation of spherical Pickering droplets, and the pres-
ence of n-HAp attached at the oil droplet’s surface (through
cryo-SEM), corroborating an oil core–HAp shell morph-
ology, similarly to a microcapsule.
In this work, a wide range of compositions, namely oil-
water ratios (10/90–60/40, v/v) and n-HAp concentrations
(0.5–15, wt%) were studied. In a general way, it was observed
that when the n-HAp content increases a decrease of the
mean droplet size was observed, and that the oil-water ratio
increase favored the increase of the mean droplet size.
According to the developed model, three regions in a tern-
ary phase diagram were defined (unstable, stable and gel),
and the experimental data was generally in good agreement
with the model. By using this model, it is possible to predict
the type of emulsion to be formed based on the used formu-
lation, as well as to predict its stability. Face to the analyzed
timeframe the model is reliable up to two weeks; only after
2months differences were found. Rheological studies show
Figure 9. Rheological properties of Pickering emulsions stabilized with different n-HAp concentrations (2.5, 5, 10 and 15wt%) and fixed oil-water ratio (20/80, v/v):
A) Pickering emulsion viscosity versus shear rate and B) oscillatory frequency sweep curves: G0 storage modulus and G00 loss modulus.
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that the stability of the Pickering emulsions can be improved
by increasing the n-HAp concentration, or the oil volume
fraction, which is in agreement with the model predictions.
This work is a step forward in the field of synthetic sur-
factants substitution contributing to the sustainable develop-
ment of emulsions. Pickering particles emerge as an
alternative to traditional emulsifiers, which have been related
with harmful health effects.[50,51] The use of a commercial
n-HAp is an important achievement since the stabilization is
guaranteed by a native n-HAp that was not processed with
solvents, conventional emulsifiers, or combined with other
compounds to improve particle’s wettability, avoiding issues
such as emulsion contamination. Further studies are under
development in order to produce these Pickering emulsions
in continuous mode (increasing production scale) through
the use of low energy devices. These Pickering emulsions
can be used as versatile food-grade vehicles for the encapsu-
lation of hydrophobic compounds such as vitamins, which
is, technologically, an important issue, namely to increase
their bioavailability.
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